
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 1621–1626, February 1999
Medical Sciences

Allelic association between marker loci
(linkage disequilibriumykinshipypopulation structureypositional cloningydisease mapping)

C. LONJOU, A. COLLINS, AND N. E. MORTON†

Human Genetics, University of Southampton, Level G, Princess Anne Hospital, Coxford Road, Southampton SO16 5YA, United Kingdom

Contributed by N. E. Morton, November 30, 1998

ABSTRACT Allelic association has proven useful to re-
fine the location of major genes prior to positional cloning, but
it is of uncertain value for genome scans in complex inheri-
tance. We have extended kinship theory to give information
content for linkage and allelic association. Application to
pairs of closely linked markers as a surrogate for marker 3
oligogene pairs indicates that association is largely deter-
mined by regional founders, with little effect of subsequent
demography. Sub-Saharan Africa has the least allelic associ-
ation, consistent with settlement of other regions by small
numbers of founders. Recent speculation about substantial
advantages of isolates over large populations, of constant size
over expansion, and of F1 hybrids over incrosses is not
supported by theory or data. On the contrary, fewer affected
cases, less opportunity for replication, and more stochastic
variation tend to make isolates less informative for allelic
association, as they are for linkage.

Dependence of allelic frequencies at two loci is called allelic
association (also linkage disequilibrium and gametic disequi-
librium). When one of the loci is a major gene for disease, the
duration of the mutant allele is small enough to localize it with
greater resolution by allelic association, which reflects recom-
bination over multiple generations, than by linkage measured
by recombination over a single generation. It is by no means
certain that the advantage of multiple generations holds for
oligogenes that may be subject to less selection and therefore
have much greater duration than major genes, perhaps resem-
bling marker loci with alleles that trace back to other primates.
Whereas major genes represent disequilibrium that is decreas-
ing with time, an unknown proportion of oligogenes may be at
quasi-equilibrium dominated by the population size of
founders. To our knowledge this transition has not been
explored mathematically, although a classical result can easily
be generalized (1), nor is there any empirical evidence relating
to disease oligogenes. Here we develop the theory and apply
it to pairs of markers as surrogates for marker 3 oligogene
pairs.

Population Structure Theory

Ignoring selection, mutation, and migration, a general formula
for approach to equilibrium involves number of generations
(t), recombination frequency between loci I and J (u), and
evolutionary size of the population (Ne). Hill and Robertson
(2) considered linkage disequilibrium in finite populations,
obtaining an explicit solution when segregating and nonseg-
regating replicates are pooled. In this formulation the expected
value of the squared disequilibrium increases from an initial
value of zero to a maximum that depends on Ne and then
decreases to a final equilibrium at zero, corresponding to

fixation of one haplotype in each replicate. Under these
extreme conditions kinship goes monotonically to unity.

Using the identity-by-descent approach of Malecot (3), Sved
(1) considered the conditional probability that haplotypes for
two loci be identical by descent, given that alleles at one of the
loci are identical by descent. This has been symbolized by w and
termed kinship between the loci (4). The result of Sved
(equation 5 of ref. 1) is wt 2 w` 5 [(1 2 1y2Ne)(1 2 u)2]t(w0
2 w`), where [(1 2 1y2Ne)(1 2 u)2]t 8 exp(2ty2New`) and w`

8 1y(1 1 4Neu). Therefore wt 8 w` 1 (w0 2 w`) exp(2ty
2New`), which holds whether the founders were an infinite
population at equilibrium (w0 5 0) or an isolate (w0 . w`).
Except for small values of Neu, there is little difference
between exp(2ty2New`) and exp(22ut). The effect of recur-
rent mutation or long-distance migration is to multiply wt by
M2, where M is the probability that the chain of descent back
to a founder was not interrupted, and therefore the association
near equilibrium is close to My=1 1 4Neu (5). If this is a
realistic model for oligogenes, the evolutionary size Ne is more
important than duration t in determining what type of popu-
lation is most useful for positional cloning. Estimates of Ne for
large human populations are less than 105, corresponding to a
population bottleneck that might be speciation, intercontinen-
tal migration, survival during glaciation, pestilence, massacre,
or other catastrophe, or subsequent adaptations that increased
density (6). Demographic increase over t generations has little
effect on evolutionary size when tu is small. However, this has
been little studied for pairs of markers, and not at all for
marker 3 oligogene pairs.

Since kinship is traced from generation t back to a founder
in generation 0 and down to a haplotype in t, it is obvious that
for random haplotypes wt 5 rt

2, where r is the (coefficient of)
association between I and J in generation t (2, 7). As in all
population structure theory, r (like w) is both a probability and
a correlation. Haplotype frequencies qij for two diallelic loci
have been given in terms of disease allele frequencies Q,
associated marker frequency R and association r (table 1 of ref.
7). From this the information content for association under
local panmixia is 2(q11q22 2 q12q21) 5 2Q(1 2 R)r, which is
expected to be maximal in small, isolated populations. The
information content for linkage is more complicated. It is
2(q11q22 1 q12q21) 5 2Q(1 2 R)[r2 1 (1 2 2Q 1 2R)r(1 2 r)
1 2R(1 2 Q) (1 2 r)2]. Unless one of Q or R exceeds 0.5 the
information content increases monotonically to a maximum at
r 5 1, but is nearly constant at small values of r (Fig. 1). So
far we have assumed that Q and R apply to a panmictic local
population with kinship a in relation to its group or region.
However, if Q and R apply to the collective, the information
content for linkage is

2Q~1 2 R!$r 2 2@a 1 ~Q 2 R!~1 2 a!#r~1 2 r!

1 2R~1 2 Q!~1 2 a!2~1 2 r!2%,
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which is dominated by the last term when r is small. Therefore
isolates tend to be at a disadvantage for linkage tests, contrary
to common belief, but at suitably high resolution are to some
degree favorable for association analysis.

To study r we selected pairs of closely linked markers for
which haplotype frequencies have been reported from many
populations. We used the estimation theory below, which
assumes that these data have a multinomial distribution as they
would if the loci were on the X or Y chromosome. This
condition is violated for autosomal loci by the hidden Markov
chain in double heterozygotes and by null alleles, and so we
make no attempt to evaluate precision of the estimates.
However, all pairs of loci lead to the same conclusions about
sampling strategy.

Estimation Theory

Affection status and phenotype scores allow marker alleles to
be dichotomized to estimate 0 # r # 1. Pairs of markers do not
permit this simplification in theory or practice because the sign
of association for a particular pair of alleles is unpredictable,
and so kinship is the appropriate metric. An early method
evaluated kinship by homozygosity, which is dominated by
large frequencies and is inefficient (8). Applied to pairs of
populations it is still used by evolutionary geneticists to
construct dendrograms.

An efficient estimate of w is based on x2. Since all examples
in this paper are diallelic, we reduce the general formulae to
this special case with haplotype frequencies qij 5 q11, q12, q21,
q22 defined on loci I and J. We suppose that the alleles are
codominant and that haplotypes are determined without error
and have a multinomial distribution with probability )i51

2 )j51
2

qijk
nijk, where nijk is the number of ij haplotypes in a sample of

size nk 5 (i51
2 (j51

2 nij and k may denote a population (s), a
group or region (r) with one or more populations, or the union
of all groups (z). Obviously qijr 5 (s,r nijsqijsynr with nr 5 (s,r
nijs and qijz 5 (s nijsqijsy(s nijs 5 (r nijrqijrynz, where nz 5 (s nijs
5 (r nijr. The corresponding allele frequencies are qik 5 (j51

2

qijk and qjk 5 (i51
2 qijk. To test the null hypothesis that qijk 5

qikqjk the standardized Pearson metric is yk 5 (i51
2 (j51

2 (qijk
2y

qikqjk) 2 1 (9), a quadratic form that is a biased estimate of
kinship (10). An unbiased estimate is wk 5 (yk 2 1ynk)y(1 2
1ynk). Similarly, an unbiased estimate of heterozygosity under
panmixia is Hk 5 2Qk(1 2 Qk)nky(nk 2 1), where Qk is qik for
locus i and qjk for locus j. The result of Sved (1) gives for
evolutionary size Nek 5 (1 2 wk)y4wkmk, where m may be
dominated by recombination for pairs of loci, by migration for

loci within populations, and by mutation and unequal crossing-
over for loci within the total.

To measure information content for linkage we use the
frequency of double heterozygotes Lkk9 5 akk9 1 bkk9, where
k 5 k9 within a panmictic population or group and k Þ k9 for
a first-generation hybrid between populations or groups, with
akk9 5 q11kq22k9 1 q22kq11k9, bkk9 5 q12kq21k9 1 q21kq12k9. Infor-
mation content for allelic association is Akk9 5 uakk9 2 bkk9u 5
2 max (akk9, bkk9) 2 Lkk9. Empirical estimates of a and b are
multiplied by nky(nk 2 1) when k 5 k9.

The hierarchical model (11) gives the mean kinship of
populations within a group as wsr 5 (ws 2 wr)y(1 2 wr), where
ws is the mean of populations and wr is calculated from the
pooled haplotype frequencies. Then kinship in the average
population is expected to exceed random kinship in the group
wr by the amount wsr(1 2 wr), or nearly wsr when wr is small.
These effects are reflected by other measures of population
structure. For heterozygosity H we have Frs 5 1 2 HsyHr, an
estimate of kinship between random alleles in a population
relative to the group. The information content for linkage gives
wsr(L) 5 (Ls

2 2 Lr
2) (ws 1 wr)y(Ls

2 1 Lr
2) (1 2 wr). The

information content for association gives wsr(A) 5 (As
2 2

Ar
2)(ws 1 wr)y(As

2 1 Ar
2)(1 2 wr). We estimated wrs etc. from

the unweighted averages of the r and s statistics over loci.
Kinship between loci in hybrids violates the conditions

under which w 5 r2 (1). In an F1 hybrid w1 5 (i51
2 (j51

2

(qijkqijk9yqik*qjk*) 2 1, where qik* 5 (qik 1 qik9)y2 and qjk* 5 (qjk
1 qjk9)y2. Kinship in an F2 hybrid is w2 5 (1 2 u)[w1 1 w# ]y2,
where w# is the mean parental kinship. In describing the F1
population structure relative to the parents w# corresponds to
wr while w1 replaces ws. This wsr is twice as great as kinship
relative to the F2.

Data

The glycophorin loci GYPA and GYPB control the MN and Ss
blood groups, respectively. They are about 80 kb apart in a
chromosome region where 1.73 megabases (Mb) corresponds
to 2.02 centimorgans (cM) (12). Race and Sanger (13) esti-
mated the recombination rate between MN and Ss as 3y1538,
or 0.195 cM, which approximates recombination between
GYPA and GYPB. The physical distance is 0.080 Mb (14), and
the ratio of physical to genetic distance is 0.080y0.195 5 0.41,
which agrees only roughly with 1.73y2.02 5 0.86 MbycM in the
region around GYPB. The discrepancy reflects the high fre-
quency of recombination and gene conversion in the GYP
cluster (15). Haplotype frequencies were estimated by Mou-
rant et al. (16) and Tills et al. (17) for samples tested by anti-M,
anti-N, anti-S, anti-s, and in Africa by anti-U. Null alleles
(S2s2U2) were pooled with s to form one dataset. Samples
tested with anti-S or anti-s but not both and reported in those
sources constitute a second dataset, with null alleles assumed
absent. The more recent summary by Roychoudhury and Nei
(18), an unidentified mixture of tests with all antisera or a
subset, is the third dataset. Samples were selected to include
at least 70 but fewer than 1,700 individuals and give a
nonsignificant test of deviations from Hardy–Weinberg phe-
notype frequencies. Samples with a zero allele frequency or
reported to be multiracial were excluded.

Since there are no systematic differences among estimates
from the three datasets, all samples are pooled in Table 1. All
regional estimates are a small fraction of current population
size. The estimate of Ne for pooled samples is only 3,395,
consistent with ample opportunity for genetic drift.

The RHCE locus contains sites coding Cc and Ee, separated
by about 30 kb, corresponding to roughly 0.03 cM (19). RHD
is a close homologue associated with the D antigen in humans,
which is shared with the gorilla and chimpanzee (20). Carritt
et al. (21) estimated from 4% divergence over the coding
region that duplication occurred about 10 million years ago.

FIG. 1. Linkage information content as a function of association r
when the disease allele frequency Q is 0.2 and the associated marker
frequency R varies.
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Table 1. Marker 3 marker data

Group
No. of

populations

Kinship Heterozygosity

Information

Linkage Association

Group
wr

Mean
ws

Group
Hr

Mean
Hs

Group
Lr

Mean
Ls

Group
Ar

Mean
As

Glycophorin A, B
Europe 63 0.065 0.069 0.463 0.455 0.222 0.215 0.118 0.114
Near East 27 0.034 0.037 0.456 0.451 0.209 0.205 0.084 0.082
India and Pakistan 68 0.004 0.021 0.420 0.402 0.172 0.162 0.028 0.049
Far East 38 0.006 0.018 0.326 0.311 0.076 0.074 0.021 0.033
Sub-Saharan Africa 75 0.009 0.029 0.404 0.400 0.154 0.154 0.038 0.059
Amerindians 109 0.012 0.040 0.408 0.384 0.160 0.149 0.044 0.063
Oceania 103 0.005 0.013 0.223 0.206 0.038 0.030 0.015 0.021
North Africa 6 0.078 0.102 0.461 0.452 0.230 0.222 0.129 0.137
Basques 1 0.035 — 0.481 — 0.236 — 0.098 —
Jews 13 0.015 0.041 0.455 0.435 0.205 0.197 0.057 0.085
Eskimos 10 0.017 0.036 0.356 0.350 0.114 0.116 0.047 0.055
Lapps 4 0.026 0.038 0.487 0.478 0.242 0.235 0.079 0.083
Ainu 3 0.146 0.148 0.428 0.428 0.191 0.192 0.162 0.163
Tristan da Cunha 1 0.026 — 0.401 — 0.158 — 0.066 —

Rhesus C, E
Europe 40 0.121 0.126 0.366 0.359 0.126 0.124 0.119 0.119
Near East 10 0.187 0.190 0.387 0.383 0.164 0.163 0.160 0.158
India and Pakistan 58 0.186 0.215 0.333 0.325 0.139 0.141 0.132 0.135
Far East 18 0.640 0.613 0.390 0.357 0.315 0.284 0.311 0.279
Sub-Saharan Africa 16 0.006 0.009 0.162 0.160 0.018 0.016 0.013 0.016
Amerindians 104 0.635 0.629 0.487 0.450 0.398 0.360 0.388 0.352
Oceania 63 0.645 0.653 0.192 0.192 0.153 0.152 0.153 0.151
North Africa 5 0.096 0.090 0.356 0.342 0.106 0.099 0.104 0.099
Basques 4 0.058 0.057 0.314 0.315 0.064 0.065 0.064 0.065
Jews 13 0.107 0.100 0.360 0.345 0.123 0.113 0.109 0.099
Eskimos 11 0.618 0.615 0.486 0.460 0.386 0.360 0.382 0.352
Lapps 5 0.339 0.340 0.394 0.394 0.224 0.223 0.224 0.223
Ainu 3 0.901 0.900 0.491 0.491 0.466 0.465 0.466 0.465
Tristan da Cunha 2 0.253 0.252 0.441 0.441 0.221 0.221 0.221 0.221

Rhesus C, D
Europe 40 0.455 0.454 0.486 0.477 0.339 0.332 0.328 0.319
Near East 10 0.383 0.385 0.456 0.453 0.286 0.284 0.281 0.280
India and Pakistan 51 0.463 0.461 0.428 0.417 0.299 0.289 0.290 0.280
Far East 8 0.090 0.094 0.300 0.283 0.100 0.092 0.080 0.075
Sub-Saharan Africa 16 0.005 0.066 0.280 0.283 0.062 0.072 0.019 0.060
Amerindians 27 0.138 0.140 0.341 0.344 0.116 0.121 0.113 0.117
Oceania 5 0.020 0.114 0.255 0.256 0.073 0.086 0.034 0.081
North Africa 5 0.350 0.336 0.475 0.456 0.291 0.270 0.281 0.263
Basques 4 0.670 0.665 0.493 0.495 0.408 0.408 0.403 0.404
Jews 13 0.406 0.416 0.465 0.460 0.302 0.302 0.295 0.295
Eskimos 4 0.252 0.270 0.388 0.389 0.188 0.195 0.188 0.195
Lapps 5 0.298 0.288 0.385 0.384 0.205 0.201 0.204 0.199
Ainu 3 0.236 0.239 0.400 0.401 0.200 0.201 0.189 0.191
Tristan da Cunha 2 0.027 0.031 0.371 0.368 0.125 0.121 0.062 0.065

Rhesus D, E estimates
Europe 40 0.078 0.084 0.355 0.347 0.105 0.103 0.093 0.095
Near East 10 0.067 0.070 0.343 0.339 0.096 0.095 0.087 0.086
India and Pakistan 51 0.028 0.034 0.288 0.285 0.058 0.059 0.046 0.049
Far East 8 0.000 0.025 0.279 0.265 0.062 0.056 0.005 0.039
Sub-Saharan Africa 16 0.012 0.012 0.260 0.229 0.044 0.029 0.025 0.022
Amerindians 27 0.044 0.084 0.331 0.340 0.082 0.103 0.063 0.088
Oceania 5 0.011 0.020 0.218 0.221 0.032 0.041 0.023 0.026
North Africa 5 0.077 0.070 0.359 0.351 0.109 0.104 0.094 0.089
Basques 4 0.078 0.067 0.320 0.321 0.079 0.076 0.074 0.070
Jews 13 0.060 0.052 0.325 0.316 0.079 0.070 0.075 0.067
Eskimos 4 0.056 0.058 0.328 0.333 0.086 0.090 0.077 0.078
Lapps 5 0.049 0.050 0.297 0.296 0.066 0.067 0.066 0.067
Ainu 3 0.147 0.149 0.396 0.397 0.186 0.187 0.148 0.150
Tristan da Cunha 2 0.185 0.179 0.411 0.408 0.174 0.171 0.174 0.171

CD4 90, Alu
Europe 1 0.937 — 0.405 — 0.392 — 0.392 —
Near East 1 0.887 — 0.437 — 0.412 — 0.412 —
Far East 1 0.740 — 0.083 — 0.071 — 0.071 —
Sub-Saharan Africa 1 0.107 — 0.205 — 0.074 — 0.061 —
Amerindians 1 0.946 — 0.036 — 0.035 — 0.035 —
Oceania 1 0.340 — 0.027 — 0.014 — 0.014 —
North Africa 1 0.671 — 0.307 — 0.253 — 0.251 —
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The RHCE gene is oriented 59–39 left to right, but the
orientation of RHD is unknown (22). The order of the two loci
is controversial. Allelic association suggests DCE (4, 23), but
Carritt et al. (21) have suggested 59-C–E–D-39 on the basis of
partial sequencing of a yeast artificial chromosome (YAC) and
a proposed origin of the less common haplotypes through
reciprocal recombination. Because deletion or rearrangement
in the YAC and alternative phylogenies are possible, the
question will not be settled until the sequence of the region is
better known.

RH played an important role in hemolytic disease before
effective prophylaxis, and so there are many population stud-
ies. We used samples typed with anti-D, -E, -e, -C, and -c (16,
17). For samples in which other antigens were typed we pooled
Cw with C and Du with D. When the effective size calculated
for glycophorins is used, kinship for all populations gives 0.02
cM as the estimated distance between sites, in good agreement
with the physical evidence. The D and C sites give the same
estimate. The distance estimate of 0.16 cM is substantially
larger than for the other pairs, suggesting the order D–C–E-39
that is supported by mean kinship over the eight regions (0.314
for C–E, 0.238 for C–D, and 0.040 for E–D).

For the last locus we used data from Tishkoff et al. (24) on
two tightly linked markers, located 9.8 kb apart within non-
coding regions of the CD4 gene. The first marker is a short
tandem repeat polymorphism (STRP) for which most of the 12
alleles seen in humans are found primarily in Africa. Outside
Africa only three alleles (85, 90, and 110 bp) occur at a
frequency greater than 10%. We contrasted the most associ-
ated allele (90 bp) with the rest. The second polymorphism
results from the deletion of 256 bp of a 285-bp Alu element.
The two sites have the shortest physical distance among the five
pairs considered here, and estimates of kinship at the CD4
locus are extremely high for all the groups except sub-Saharan
Africa. This region has low kinship at all loci, supporting the
hypothesis that other regions were settled by small numbers of
migrants from the African gene pool, with little differentiation
among populations within regions. There is striking similarity
of population means to the group value representing pooled
haplotypes. Of the relatively small isolated groups, the Ainu
stand out from large neighboring populations.

Synthesis

To examine population structure by simulation requires that
many unknown parameters be arbitrarily assumed. We prefer
to examine real populations, but to avoid large sampling errors
the results must be pooled over multiple loci. For this we
weighted the first four pairs of markers equally, omitting the
fifth pair, CD4, because it did not include isolates (Table 2).
Trends in the data become more obvious. Sub-Saharan Africa
has the lowest estimates of kinship and information content.
Other values of kinship are similar among groups, whether
large or small, and even more similar between population
means and group values derived from pooled haplotypes.
Although the Ainu give the highest estimates for all measures
of population structure, the evidence is somewhat equivocal.
The samples from our sources have a high frequency of the NS
allele, which in other samples closely resembles the Japanese
(25). If the Ainu do have higher kinship and information
content than their neighbors, this may reflect a different ethnic
origin rather than drift in Japan. As predicted, information
content for linkage tends to be slightly less in the average
population than in the group to which it belongs, whereas
information content for association is slightly greater, the
differences amounting to only 23% and 13%, respectively.
Subdivision is even more negligible for the six isolates.

Table 2. Summary over loci

Group

Kinship Heterozygosity

Information content

Linkage Association

Group
wr

Mean
ws

Group
Hr

Mean
Hs

Group
Lr

Mean
Ls

Group
Ar

Mean
As

Europe 0.180 0.183 0.418 0.409 0.198 0.194 0.165 0.162
Near East 0.168 0.170 0.410 0.406 0.188 0.187 0.153 0.152
India and Pakistan 0.171 0.183 0.367 0.357 0.167 0.162 0.124 0.128
Far East 0.184 0.187 0.324 0.304 0.138 0.126 0.104 0.107
Sub-Saharan Africa 0.008 0.029 0.276 0.268 0.069 0.068 0.024 0.039
Amerindians 0.207 0.224 0.392 0.380 0.189 0.183 0.152 0.155
Oceania 0.171 0.200 0.222 0.219 0.074 0.077 0.056 0.070
North Africa 0.151 0.150 0.413 0.400 0.184 0.174 0.152 0.147
Means of 8 regions 0.155 0.166 0.353 0.343 0.151 0.146 0.116 0.120

Basques 0.210 0.206 0.402 0.403 0.197 0.196 0.160 0.159
Jews 0.147 0.152 0.401 0.389 0.177 0.171 0.134 0.137
Eskimos 0.236 0.244 0.390 0.383 0.193 0.190 0.173 0.170
Lapps 0.178 0.179 0.391 0.388 0.184 0.181 0.143 0.143
Ainu 0.357 0.359 0.429 0.429 0.261 0.261 0.241 0.243
Tristan da Cunha 0.123 0.122 0.406 0.404 0.170 0.168 0.131 0.131
Means of 6 isolates 0.209 0.210 0.403 0.400 0.197 0.195 0.164 0.164

Table 3. Random populations within a group: Summary over loci

Group
Kinship

wsr

Heterozygosity
Fsr

Linkage
Lsr

Association
Asr

Europe 0.004 0.020 20.010 20.008
Near East 0.003 0.010 20.003 20.004
India and Pakistan 0.015 0.028 20.012 0.014
Far East 0.004 0.060 20.041 0.009
Sub-Saharan Africa 0.021 0.031 20.001 0.017
Amerindians 0.020 0.031 20.016 0.009
Oceania 0.036 0.013 0.021 0.095
North Africa 20.001 0.030 20.020 20.013
Means of 8 regions 0.013 0.028 20.010 0.015

Basques 20.005 20.003 20.001 20.002
Jews 0.006 0.030 20.013 0.007
Eskimos 0.011 0.016 20.011 20.012
Lapps 0.001 0.007 20.007 0.000
Ainu 0.002 20.001 0.003 0.006
Tristan da Cunha 20.001 0.004 20.003 20.001
Means of 6 isolates 0.002 0.007 20.004 20.000
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The direction and generally small magnitude of these dif-
ferences is shown more clearly in Table 3, where the estimates
are for a random population relative to its group. These
conditional estimates tend to be positive for kinship whether
derived directly as wsr or from heterozygosity as Fsr. The latter
is less reliable because it is dominated by larger gene frequen-
cies and has a greater variance than estimates based on x2 (8,
9) The largest differentiation is in Oceania, where Melane-
sians, Polynesians, and Micronesians are pooled. Although
small, these estimates of kinship tend to be greater than for
large populations (26). This difference may be due either to
selection by blood groupers of unusual populations and to our
exclusion of large samples, or to neglect of hidden Markov
chains in haplotype estimation. Without attempting to identify
these effects, which exaggerate the significance of population
structure, the data are adequate to conclude that there is little
difference between small and large populations in any of the
parameters important for linkage or allelic association.

The effect of hybridity between ethnic groups is shown in
Table 4 for one parent European. In the F1 kinship is reduced
in comparison with the midparents, whereas heterozygosity
and information content for both linkage and association tend
to increase. Expressed as conditional kinship relative to mid-
parents, the effects are greater than for random populations
within a group but are only half as great when expressed
relative to the F2 (Table 5). European incrosses (Table 2)
exceed the mean of their outcrosses for kinship, heterozygos-
ity, and information content. The effect of hybridity is variable
and for oligogene 3 marker pairs would be unpredictable, but
the mean information content of these F1 hybrids exceeds that
of the midparent by 8% for both linkage and association. The
cost of F1 data collection probably exceeds the cost of an
incross sample by more than 8%.

The most favorable situation for allelic association in hybrids
is when a susceptibility gene is much more common in one
parental group, there is no candidate locus or region, and the
different backcrosses and intercrosses are either kept separate
by genealogy, morphology, or gene frequencies at marker loci
in a case-control study or else combined in a less efficient
transmission disequilibrium test. Because a huge sample is
required to exploit weak association at distances greater than
several centimorgans, association varies more erratically in
hybrids than within a group, and resolution is too low to be
useful for positional cloning, there has not yet been a successful
application to hybrids.

Discussion

In practice we do not know M, Ne, t, or u, and no human
population is likely to be at equilibrium for small u. If allelic
association accumulated over t generations, the harmonic
mean of Ne is critical. Terwilliger et al. (27) considered this
situation in the perspective of a genome scan by allelic
association, concluding that population expansion is unfavor-
able. Their argument depends on a sample of Saami in which

a few associations were significant between markers separated
by more than 10 Mb (28). It is unclear how this highly
subdivided population was sampled, but presumably relatives
were included. Simulations assumed initial equilibrium, with
drift occurring in stable or expanding populations. Sved (1),
who allowed kinship to increase or decrease according to
whether w0 was less than or greater than w`, predicted a highly
skewed distribution of conserved associations, and so power at
such large distances is expected to be low. Either the genome
scan must be at high resolution, as Risch and Merikangas (29)
assumed, or many associations will be missed even in small,
isolated populations and therefore slightly enhanced disequi-
librium, but usually with few cases and therefore little oppor-
tunity for replication.

The distinction between growing and stable populations has
its roots in simulation of a ‘‘rapidly’’ expanding population over
10,000 generations (30). Even if the population began with a
single monoecious individual and expanded slowly at 0.5% per
generation, it would vastly exceed the present human popula-
tion. In practice we know almost nothing about expansion of
ancestral populations in the remote past, invariably followed by
contractions. The distinction between growing and stable can
be made only for recent generations, which have little effect on
allelic association (31).

The argument of Terwilliger et al. (27) does not bear on use
of allelic association over small distances. If the last bottleneck
occurred t generations ago and ut ,, 1, disequilibrium is
largely determined by w0 and therefore by Ne at the time of the
bottleneck, subsequent expansion being irrelevant. Hill and
Robertson (2) expressed this succinctly: ‘‘Any restriction of
population size may cause disequilibrium as a result of genetic
sampling, and the return to equilibrium will be slow if the loci
are tightly linked,’’ to which we may add ‘‘whether or not the
population expands.’’ If the objective is to refine evidence on
location for positional cloning, a large panmictic population
provides many cases, ample opportunity for replication, and
less noise due to chance variation over small distances and
occasionally significant disequilibrium when ut is large. Alter-
natively, if genome scanning by allelic association is attempted,
there is no evidence that a small, isolated population of
constant size would give good power at distances exceeding 1
cM, assuming the number of cases was adequate, the quality of

Table 4. F1 hybrids between Europeans and other groups: Summary over loci

Group

Kinship Heterozygosity

Information content

Linkage Association

F1 Parents F1 Parents F1 Parents F1 Parents

Near East 0.162 0.174 0.416 0.414 0.196 0.193 0.161 0.159
India and Pakistan 0.142 0.175 0.398 0.392 0.186 0.182 0.148 0.144
Far East 0.098 0.182 0.394 0.371 0.194 0.168 0.156 0.134
Sub-Saharan Africa 0.094 0.094 0.368 0.347 0.116 0.134 0.075 0.094
Amerindians 0.078 0.194 0.426 0.405 0.219 0.193 0.175 0.158
Oceania 0.101 0.175 0.361 0.320 0.189 0.136 0.160 0.110
North Africa 0.157 0.165 0.417 0.415 0.193 0.191 0.159 0.158
Means of 7 regions 0.119 0.166 0.397 0.381 0.185 0.171 0.148 0.137

Table 5. F1 relative to midparent for crosses of European 3 other

Group
Kinship

wsr

Heterozygosity
Fsr

Linkage
Lsr

Association
Asr

Near East 20.014 20.005 0.006 0.006
India and Pakistan 20.040 20.015 0.008 0.009
Far East 20.103 20.062 0.048 0.050
Sub-Saharan Africa 0.000 20.059 20.029 20.046
Amerindians 20.143 20.053 0.041 0.119
Oceania 20.090 20.128 0.106 0.033
North Africa 20.009 20.004 0.003 0.002
Means of 7 regions 20.057 20.047 0.026 0.025
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the genetic map permitted selection of a panel at that reso-
lution, the molecular techniques permitted assay with the
thousands of markers that would be required, and another
isolate provided replication. If the marker 3 marker pairs we
have analyzed are relevant to marker 3 oligogene pairs, the
utility of isolated or F1 hybrid populations for a genome scan
by allelic association has been greatly exaggerated.
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